In this study, results about sludge stabilization in reed bed systems (RBSs) after the entire period of operation in two different systems situated in Denmark (Helsinge 42,000 population equivalent (p.e.) -10 years) and in Italy (La Fontina, 30,000 p.e. -6 years) were presented. In order to evaluate the process of sludge stabilization, parameters that highlighted the biochemical and chemicostructural properties of organic sludge matter have been determined. The level of total and soluble nutrients, and enzyme activities, parameters related to overall microbial activity, showed that stabilization of the sludge similarly occurred in both RBSs, even though in different landscape ecosystems. The chemical-structural characterization of sludge organic matter highlighted how the processes of stabilization have occurred satisfactorily in both RBSs; in fact, significant levels of pyrolytic indices for mineralization and humification were reached. The successful stabilization of organic matter occurred in both RBSs and was confirmed by the absence of Escherichia coli, and also by the results of organic compounds (polycyclic aromatic hydrocarbons, linear alkyl benzene sulfonates, nonylphenol ethoxylates, di-2-ethylhexyl-phthalate) and heavy metals.
INTRODUCTION
In several papers (Nielsen ; Peruzzi et al. a ) the effectiveness of dewatering and stabilizing the sludges of reed bed systems (RBSs) has been clearly proven, as has the agricultural reuse of such sludges (Uggetti et al. ) . There is some evidence, in fact, that the process of organic sludge matter stabilization occurred successfully in RBSs for the synergic effect between plant, organic matter, and microrganisms, but there are not so many studies that evaluate the final product, especially in terms of quality and toxicity. Moreover, the pathways of sludge stabilization and the final quality of stabilized sludge, after the entire cycles of loading and resting periods, were not clearly studied, especially in different ecosystems. It is possible to speculate that the process of stabilization can occur differently in different landscape ecosystems, such as Denmark and Italy, and can affect the characteristics of the final product, even though well stabilized.
MATERIALS AND METHODS

Reed bed systems
The RBSs studied in this paper (RBS1 -Helsinge; RBS2 -La Fontina) were situated in Denmark and Italy, respectively (Table 1) .
RBS1 (Helsinge)
Each basin forms a unit consisting of a membrane, filter, sludge loading system and reject water and aeration system. The filter consisted of several different layers of gravel, filter sand and the growth layer at the top, in total with a height of 0.55-0.60 m. Sludge production consists of surplus activated sludge (SAS) directly from the activated sludge plant and SAS sludge from final settling tanks. This production constitutes approximately 66% of the loading of the RBS. The remaining 33% of the sludge production consists of concentrated anaerobic SAS from four to seven smaller wastewater treatment plants (WWTPs). The sludge is stored in concentration tanks at each WWTP before being transported to a common storage tank at Helsinge. The sludge from Helsinge and the smaller systems were mixed and pumped via a mixing tank and a valve building in each delivery before being added to the RBS (Table 1) .
The climate in the Hovedstaden Region, where the RBS was situated, is temperate, humid and overcast, with mild, windy winters and cool summers. The mean annual precipitation is about 420 mm (17 mm in March and 57 mm in August). The mean annual temperature is 8.7 W C (1.0 W C in January and 17 W C in August).
RBS2 (La Fontina)
The drying beds inside the wastewater plants were adapted and transformed into RBSs. Each bed was provided with a drainage system made up of two layers of gravel: the bottom layer was 25 cm deep with gravel of 40/70 mm, and the top layer was 15 cm deep with 5 mm gravel. Fifty per cent of sludge was applied to the basins, while the other 50% was transferred to another WWTP for further treatments (Table 1) . The climate near the town of Pisa (Tuscany region), where the RBS was situated, is predominantly Mediterranean. The mean annual precipitation is about 900 mm (24 mm in July and 120 mm in October). The mean annual temperature is 14.4 W C (6.8 W C in January and 23 W C in July and August).
Sampling
The quality of the stabilized sludges has been investigated after one entire cycle of full operation (loading and resting phases) and a resting period before emptying of the plants. For RBS1, the basin n W 10, emptied in August 2008, 150 days after the last load, was chosen; eight samples were collected along the entire profile of the basin (0-110 cm) and divided into three sub-profiles (two samples for 0-40 cm, three samples for 40-80 cm and three samples for 80-100 cm), while for RBS2, a mixed sample of the entire profile (0-40 cm) from each of the 11 basins (one mixed sample for each basin, January 2011, 12-15 months after last load) was collected.
Sludge mineralization and humification
Total organic carbon (TOC) and total nitrogen (TN) were analyzed by RC-412 multiphase carbon and FP-528 protein/nitrogen (Leco). Water-soluble carbon (WSC), humic acids (HA) and fulvic acids (FA) were determined according to the method of Yeomans & Bremner () . Ammonia (N-NH 3 ) and nitric nitrogen (N-NO 3 ) were determined through a selective electrode (Mettler Toledo). Dehydrogenase (DHase), β-glucosidase and urease activities 
RESULTS AND DISCUSSION
Sludge mineralization and humification
Results for sludge mineralization and humification are shown in Table 2 . In general, the content of organic matter (TOC and TN) was significantly lower in RBS1. A significant higher level of N-NH 3 was found in RBS1, especially in the top layer, while the level of N-NO 3 was similar in both plants, thus suggesting the better aerobic conditions in the Italian plant.
The β-glucosidase and urease activities, enzymes involved into C and N cycles, respectively, were higher in RBS2, as expected for the higher TOC and TN content and for the better aerobic conditions. However, the values found in both RBSs were significantly lower than those found previously in RBS2 system (Giraldi et al. ) .
Moreover, it is noteworthy that soluble forms of carbon and DHase activity, which represent the biological oxidation processes of microbial activity, reached significantly small values, which underlined the effectiveness of RBSs to stabilize organic matter. A further argument in support of the successful sludge stabilization is the trend of parameters related to humic substances. Humic carbon is commonly constituted by two different components: fulvic acids, which represent the less stable part of humic matter, and humic acids, which represent the more stable fraction of humic matter. The level of humic carbon found in both plants was significantly correlated with the level of TOC (r > 0.98, P < 0.01); in fact, even though the level of humic acids was significantly lower in RBS1, the percentage of the humic acids with respect to the total organic carbon was very similar (6.23% and 4.91% in RBS1 and RBS2, respectively), thus indicating that the process of stabilization of organic matter had occurred successfully in both plants. Similar conclusions can be reached by the results of Py-GC, which enables the characterization of soil organic matter quality from a chemical-structural point of view. The index of humification B/E3 increases when organic matter is becoming more mature, while the index of mineralization O/N is higher when the mineralization of organic matter increases. The mineralization index O/N showed relatively small values, even thought in RBS1 the mineralization process is still occurring. On the other hand, the index of humification reached the same values in both RBSs, thus confirming that the humification process had occurred greatly (Ceccanti et al. ) .
Sludge toxicity
The level of germination tests (Table 2) found in both RBSs was considered not phytotoxic for seed germinations: in fact, all values were higher than 40%, the threshold value for phytotoxicity. Similar values were observed in a previous paper (Ceccanti et al. ) . Moreover, in agreement with the Nielsen () findings, in both plants, an E. coli level of <1,000 CFU/g was reached.
The total heavy metal content (Figure 1) remained below the level established by law for the reuse of sewage sludge in agriculture for each country (Danish standards for disposal on agricultural lands (DEPA ): Cr 100, Cu 1,000, Ni 30, Cd 0.8, Pb 120, Zn 4,000 mg/kg dw; Pb 10,000, Cd 100, Ni 2,500 mg/kg TP; Italian regulation D. Lgs. 99/92 for disposal on agricultural lands Cu 1,000, Ni 300, Cd 20, Pb 750, Zn 2,500 mg/kg dw).
The procedure for fractionation differentiated the sludge heavy metals into four fractions.
1. Exchangeable fraction (Fraction 1). This is the most mobile fraction, toxic for plants. 2. Reducible fraction (Fraction 2). Heavy metals are strongly bound to Fe and Mn oxides, but are unstable in anoxic and acidic conditions.
Oxidizable fraction bound to organic matter (Fraction 3).
This fraction is not considered to be bio-available, being metals incorporated into stable, high molecular weight humic substances. 4. Residual fraction (Fraction 4 or RF). This fraction is considered to be not extractable and in an inert form.
Results of fractionation showed that the heavy metals could be considered not bio-available in both plants, even though they occurred in different forms: in fact, in RBS2 the heavy metals were principally linked to Fraction 3 (47%), while in RBS1 about 63% of the heavy metals were linked only to the residual fraction.
The monitoring of toxic organic compounds (Table 3 ) revealed that their level were below the Danish standards for disposal on agricultural lands and to the limit of concentration suggested by the European Union's Working Documents on Sludge. Moreover, the low levels reached were due to the aerobic conditions established within the basins by the synergic action of roots and microrganisms. Similar results about the toxic organic compounds were reported in previous studies by Nielsen () and by Peruzzi et al. (b) . The contamination index (CI) expresses the level of contamination normalized to organic matter and was calculated as the ratio between the sum of toxic organic compounds and TOC; this index was higher in RBS 1, probably because of the lower level of organic matter present in this RBS. However the level of contamination can be considered low in both RBSs, thus indicating that the organic matter stabilization process, occurring within the reed beds, leads to decrease of the contamination.
Principal component analysis (PCA)
In order to minimize the number of variables for the PCA, the contents of different metal fractions were transformed from mg/kg to meq/kg and then the content for each fraction was summed, while the toxic organic compounds were considered as CI. Moreover, the β-glucosidase and urease activities, and the Fractions 1 and 2 were not considered for the statistical analysis, being highly correlated with TOC, TN and Fraction 3, respectively. The PCA of the data set indicated the 74.0% of the data variance as being contained in two components (Figure 2(a) ).
The score plot (Figure 2(b) ) provides a graphical representation of the two RBSs, identifying the parameters that were more associated; in fact, the graphical closeness of a variable with an object in the plot showed a correlation between them. The two RBSs are clearly discriminated in the plot and were associated with different chemical and biochemical properties. As expected, RBS1 was linked, in the right of the plot, with the residual fraction, the mineralization and contamination indices, N-NH 3 , DHase and FA, while, RBS2 was associated, in the top-left of the plot, with all parameters characterizing the organic matter, such as Fraction 3, 
CONCLUSIONS
The study demonstrated that successful stabilization of organic matter occurred in both RBSs, even though in different climatic conditions and in plants with different technical characteristics.
The sludge quality in both RBSs, after one entire cycle of operation (commissioning, loading/resting and emptying), were mainly characterized by:
1. high level of humified organic matter; 2. absence of pathogenic microorganisms, such as E. coli; 3. low levels of organic and inorganic contaminants.
Even though in both plants the process of humification occurred, leading to the formation of a stable nucleus of humified organic matter, the process of mineralization seemed to be prevalent in the Danish plant, with respect to the Italian one.
From a practical point of view, there is enough evidence to allow a sustainable agronomical and/or environmental reuse of stabilized sludge, considering the value of GI and the low level of contaminants, both in terms of hazardous compounds (toxic organic compounds and heavy metal bioavailability) and in terms of pathogenic microorganisms.
